Abstract. Based on the small time scale method, unstable fatigue crack propagation of 7050-T7451 aluminum alloy could be observed directly from in-situ SEM by the manner of step loading. The results show that when the fatigue crack was blocked by grain boundary, the crack opening and closure stresses are increased 0.88 times and 0.58 times respectively comparing with the value in general case. The retardation of crack opening and prematurity of crack closure could be associated with the constraint of crack tip slipping imposed by the grain boundary. The stress of crack opening decreased gradually with the increase of loading cycles, which led to the acceleration of bridge linkage between grain boundary and crack. The crack presented unstable fast propagation when the crack was connected with grain boundary.
Introduction
The process of fatigue failure mainly includes the initiation and propagation of fatigue crack, and the study of fatigue crack propagation is important for predicting of material life [1, 2] . Currently, methods of fatigue analysis mainly focused on the computation of damage based on several loading cycles, and the time scale of analysis is often from ten loading cycles, hundreds loading cycles or even thousands loading cycles in most studies [3] [4] [5] [6] . In essence, fatigue fracture is the result of damage accumulation formed in each loading cycle as the smallest time unit, and the fatigue crack mainly initiates from crack nucleation with micro-scale or nano-scale. However, traditional methods mainly focused on the damage evaluation between several loading cycles, and the time scale and spatial scale are relatively large which limits the recognition of fatigue damage mechanism.
Lu and Liu [7] proposed a small time scale method for analyzing the behavior of fatigue crack propagation during one loading cycle. This method mainly focused on the microcosmic change of crack tip at different stress in one loading cycle, such as fatigue crack tip displacement, and the small time scale-fatigue life prediction model could be established. The advantage of small time scale method is the effect of microstructure on the fatigue crack could be analyzed in relatively smaller time and spatial scale, and it improves the accuracy of fatigue mechanism analysis. Based on the small time scale method, Zhang found that a behavior of fast fatigue crack propagation occurred in the 7075-T6 high strength aluminum alloy, and the brittle fracture like-phenomenon accelerated the fracture of material [8] [9] [10] . Due to the formation mechanism had not been analyzed in depth, the author suspected it should be related to the material microstructure. The unstable fatigue crack propagation was also found in other high strength aluminum alloy [11] [12] [13] , such as crack deflection or crack branching, and the structure safety will be seriously influenced by the unstable fatigue crack propagation.
Based on small time scale method, the unstable propagation of fatigue crack in 7050-T7451 aluminum alloy was investigated in this research. Behavior of fatigue crack opening and closure were analyzed by the manner of step loading, and the effect of grain boundary on retardation and unstable fast propagation of fatigue crack was researched with small time scale method.
Experimental Material and Method
7050-T7451 aluminum alloy was used in this experiment, the chemical composition and mechanical properties of material are shown in Table 1 . According to the design of in-situ testing platform, the specimen was prepared as shown in Fig 1  (a) . The direction of specimen length is consistent with the rolling direction of raw material. As shown in Fig 1 (b) , the Deben-2000 in-situ testing platform was used in the experiment. The maximum load of platform is 2KN and the tensile speed is 0.4mm/min. Firstly, the pre-cracking was conducted on INSTRON-8801 fatigue testing machine, and the experimental process referred to the Standard of ASTM-E647. After that, the surface of specimen was sanded by the abrasive paper with mesh number from 1000 to 3000, and the diamond polishing agent with particle size of 0.5um was used to polish the specimen surface. Then, the specimen was metallographic treated by etchant solution (1ml HF+16ml HNO3+3g CrO3+83ml H2O). Finally, the specimen was clamped in in-situ tensile platform of Deben 2000 as shown in Fig 1 (b) , and the platform was put into Quanta650 scanning electron microscope (SEM) for conducting the experiment.
Based on the small time scale method, fatigue crack propagation of 7050-T7451 aluminum alloy during one loading cycle was analyzed. As shown in Fig 2, one loading cycle is decomposed with several step loading and step unloading. At different stress, the micro-morphology of fatigue crack tip was observed directly from SEM and took photo in high resolution. The maximum load Fmax is 1700N and stress ratio R is 0.1 in the in-situ SEM fatigue testing. 
Results
As shown in Fig 3, As shown in Fig 4, when it came to 77 cycles, the fatigue crack tip had arrived at the bottom of grain boundary 1. The angle between the center line of fatigue crack tip and the grain boundary is greater than 90 degrees. After loading for 13 cycles, the fatigue crack tip still stayed under the grain boundary 1 at 90 cycles, and it was obvious that the fatigue crack propagation was blocked by the grain boundary. The retardation of fatigue crack propagation had been analyzed by small time scale method at 90 cycles as shown in Fig 5 (a) . The loading stage was decomposed with several step loading, and high resolution images of fatigue crack tip were taken at different stress level. Micro-morphology of fatigue crack tip at different stress in the loading stage of 90 cycles as shown in Fig 5 (b) . From Fig 5  (b) , it can be seen that the grain boundary still stayed under the grain boundary 1 at 90 cycles. In the loading stage of 90 cycles, the fatigue crack tip changed from the closure state to the opening state as the increasing of loading, and the blunting of fatigue crack tip could be observed. When the load reached to the highest, the opening of fatigue crack tip also achieved to the maximum. Through the measurement of fatigue crack tip displacement (CTOD) at different stress in the loading stage and unloading stage, the variation of CTOD with the change of stress intensity factor at 90 cycles could be obtained as shown in Fig 5 (c) . As shown in Fig 5 (c) , the stress intensity factor of fatigue crack tip (K) was increasing with the increment of load. The crack tip open displacement (CTOD) remained zero and the fatigue crack tip maintained closed when
, the value of CTOD started to change, and the corresponding stress is 120MPa which is 56% of maximum stress at 90 cycles. With the increasing of K, CTOD had increased continuously. As the load was reached to the maximum, the value of K and CTOD were both achieved the highest.
In the stage of unloading, the value of CTOD decreased with the reduction of K. When 6 83MPa m K .  , CTOD=0um and the fatigue crack tip was closed completely. The corresponding stress is 68MPa which is 31% of maximum stress at 90 cycles when the fatigue crack tip was closed during unloading stage.
After 33 loading cycles, the fatigue crack had propagated upward along with grain boundary 1 when it came to 110 cycles. As shown in Fig 6 , the fatigue crack tip penetrated into Grain 1 at 121 cycles. As can be seen from Fig 6, the fatigue crack had penetrated into Grain boundary 1 for 2um, and the cracking of Grain boundary 2 could be seen in front of Grain 1.
The fatigue crack tip had arrived at the bottom of Grain boundary 2 at 128 cycles as shown in Fig 7  (a) . The opening of Grain boundary 2 increased further and the fatigue crack tip had the tendency to propagate toward the direction of Grain boundary 2. The variation of CTOD with stress intensity factor at 128 cycles is shown in Fig 7 (b) . From Fig 7 (b) , it obtained that CTOD started to change when 6 49MPa m K .  and the value of CTOD increased quickly with the increment of K in the loading stage at 128 cycles. When the value of K reached to the highest, CTOD also achieved to the maximum value of 3.5um. In the unloading stage, CTOD was decreasing quickly with the reduction of loading. The fatigue crack tip had been closed completely when 4 33M Pa m K .  and CTOD=0um. As shown in Fig 8 (a) , the fatigue crack tip approached further to grain boundary 2 and the opening of grain boundary 2 was even larger at 130 cycles. The variation of CTOD with stress intensity factor at 130 cycles is shown in Fig 8 (b) . At 130 cycles, the stress intensity factor is 4 33MPa m .
when the fatigue crack started to open, and the opening displacement is 4.5um at the maximum load. In the unloading stage, until the load was reduced to the minimum ( 2 17MPa m K .  ), the fatigue crack tip had been closed completely and CTOD=0um.
The fatigue crack had connected with grain boundary 2 completely at 131 cycles as shown in Fig 9  (a) , and the fatigue crack tip arrived at the position A. The variation of CTOD with stress intensity factor at 131 cycles is shown in Fig 9 (b) .
As shown in Fig 9 (b) , the stress intensity factor is 2 17M Pa m . when the fatigue crack tip started to open at 131 cycles. The value of CTOD achieved to the maximum of 5.03um when the load was reached to the highest value. In the unloading stage, when the load decreased to the minimum, the fatigue crack had not been able to close completely. 
Conclusions
In the fatigue crack propagation of 7050-T7451 aluminum alloy, the fatigue crack would be blocked by the grain boundary when the angle between grain boundary and center line of crack tip is greater than 90 degrees. Results show that the fatigue crack tip would not be opened until the stress was increased to 120MPa, which is 56% of maximum stress. The opening stress of fatigue crack tip increased 0.88 times compared to the fatigue crack propagation in general condition. In the unloading stage, the fatigue crack tip had been closed completely when the stress was not decreased to the minimum value. The stress when fatigue crack was closed completely is 68MPa, which is 32% of maximum stress, and the stress had increased 0.58 times compared to the general condition. When the 7050-T7451 aluminum alloy was subjected to the fatigue loading, some grain boundary which perpendicular to the direction of main stress would be fractured in front of the crack tip for its weak performance. The fatigue crack propagation would toward the direction of cracking grain boundary. The stress when crack started to open and closed completely would be decreased gradually with the increasing of loading cycles, which led to the acceleration of bridge connection between grain boundary and fatigue crack tip. The fatigue crack presented behavior of unstable fast propagation when the fatigue crack connected with grain boundary.
